Abstract-The objective of designing a control structure that takes the degradation of the system into account is to preserve its performance and mitigate further damage. This problem is often encountered in process industries, e.g. in gas processing plants, where the question arises how to distribute the control effort among multiple actuators based on their degradation. The main focus of this work is to investigate how to assign the loads in a two-compressor system taking the degradation, i.e. the loss of available performance, into consideration. Contrarily to other approaches, such as methods based on distance to surge or predictive control, the algorithm proposed in this work does not require a reconfiguration of the control structure, at the same time taking explicitly the degradation into account. The simulation results confirm that this approach mitigates further loss of performance, in particular for compressors, which have significantly different degradation rates.
I. INTRODUCTION
The concept of designing a control structure taking into account the degradation of the system has been described by Ray et al. in [1] . The attenuation of the detrimental changes, which are induced both by ageing and varying operating conditions [2] , is sought in order to keep the available performance of the system. In particular, Härkegård and Glad, [3] , analysed the question of distributing the control effort in a multi-actuator system. Such systems are encountered in process industries, e.g., in the oil and gas processing plants where the distribution of the control effort between the machines while preserving the safety constraints is of importance. In case of turbomachinery, such as pumps and compressors, the control effort is called the load and denotes the amount of fluid processed by a single piece of equipment. This work proposes a load-sharing algorithm for a two-compressor system based on a degradation indicator.
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1 Marta Zagorowska is with Department of Chemical Engineering, Imperial College London, South Kensington, SW7 2AZ London, UK, m.zagorowska@imperial.ac.uk 2 Nina Thornhill is with Department of Chemical Engineering, Imperial College London, South Kensington, SW7 2AZ London, UK, n.thornhill@imperial.ac.uk 3 Trond Haugen is with ABB AS, Ole Deviks vei 10, 0666, Oslo, Norway trond.haugen@no.abb.com 4 Charlotte Skourup is with ABB AS, Ole Deviks vei 10, 0666, Oslo, Norway charlotte.skourup@no.abb.com a starting point for this paper. The framework based on distance to surge was used also by companies [5] , [6] and more recently by [7] , [8] , and is available in industrial controllers, e.g., [9] , [10] . In [11] , [12] a more advanced framework was proposed based on predictive control. It combines a load-sharing algorithm with a surge protection scheme. As an optimization-based framework, it is also able to take additional constraints into account. Another optimization-based framework was proposed in [13] , where steady-state calculations were employed to schedule the loads for maintenance purposes, including also the timerelated degradation, but only in a steady-state framework. This work combines the degradation attenuation with the load-sharing problem.
The paper is structured as follows. In the next section, a multi-compressor system is described, including a model of a single compressor train. Section III introduces the degradation model, analyses its influence on the parameters of the system, and proposes a modification based on the operating conditions. The load-sharing algorithm taking the degradation into account is developed in Section IV. The case study used for this work as well as the numerical values for the degradation model are presented in Section V. Section V-B describes the results of the simulation in three scenarios: no degradation, one compressor degrading, and both compressors degrading. Finally, the conclusions and a proposition of further research are included.
II. COMPRESSOR MODELLING
The control system analysed in this work consists of two compressors with Variable Speed Drives (VSD), a discharge tank, and a suction tank (Fig. 1) [12] . The equations for the pressures are derived from mass balances in each tank:
where m is the sum of the mass flows through the compressors, m = m 1 + m 2 , m in is the inlet mass flow, m out is the outlet mass flow. The constants are: a 01 -speed of sound, V s , V d -volume of the suction and discharge tanks. The control structure in the system is as follows. The flow is controlled downstream of the compressors, so there is no independent flow controller in Fig. 1 . The suction pressure is controlled by adjusting the opening of the inlet valve (PI control). The discharge pressure is controlled by adjusting the speed of the compressors. To keep the schematics simple, Gravdahl in [14] analyzed a single compressor as shown in Fig. 2 consisting of a compressor described by a static compressor map Ψ i , a discharge tank with volume V d,i , and an electric motor providing the torque τ t,i to the compressor to achieve the speed ω i . The dynamics of the system are described with a set of nonlinear ordinary differential equations describing the mass balance in the tank (Equation (2a)), the mass flow through the compressor (Equation (2b)), the torque balance of the compressor shaft (Equation (2c)):
where p d,i -pressure in the i-th discharge tank, m i -mass flow rate through the compressor, ω i -compressor speed. Moreover, Ψ i denotes the compressor map describing the pressure ratio as a function of mass flow rate and compressor speed [15] , τ c,i -reaction torque of the compressor. The mass flow through the outlet m out,i valve is a function of the valve opening u out,i . The variable τ t,i denotes the external torque delivered to the compressor. The constants are: V d,i -volume of the discharge tank, A 1 and L c -the geometric parameters of the internal piping system, J i -the inertia of the shaft. [18] . The pointm,ω denotes the steadystate operating point for undegraded compressor III. DEGRADATION MODELLING A common cause of degradation is a result of fouling of compressor blades and roughening of blade surfaces, both of which lead to deterioration of compressor performance as shown experimentally in [16] . According to [17] , the loss of the pressure ratio caused by degradation can be described using the compressor characteristics Ψ(m, ω):
where Ψ D denotes the characteristics of the degraded equipment and d(t) denotes the degrading health, d(0) = 1 denotes perfect health (see, e.g., [17] or [18] ). Moreover, as Ψ D represents a compressor map, Ψ D ≥ 1 for all m and ω. [17] suggests also that the health loss 1 − d(t) is not larger than 3 − 4% then it is saturated and does not increase further. Figure 3 presents in a graphical way how degradation influences the compressor map by shifting the speed lines [19] . The degradation from [17] and [18] depends solely on time and can be linked with the fouling phenomenon. For i-th compressor it is modelled as an exponential function of form:
where α > 0, β > 0, and γ i > 0 are constant parameters defining the maximal degradation level and the slope. The subscript T emphasises the time-dependence of the degradation function.
A. Influence of the degradation in a closed-loop system
Introducing the degradation of form (3) changes the behaviour of the system, as the resulting pressure ratio will be smaller for the same mass flow and compressor speed. Letm,ω denote the steady-state mass flow and compressor speed in undegraded state, and letm D ,ω D denote the steady-state mass flow and compressor speed in a system with degradation. To keep the desired discharge pressure and distance to surge, the pressure controller tries to compensate for the loss of the pressure ratio in a degraded compressor. According to Equation (3):
and
the following equality must be fulfilled:
Taking into account the assumption 0 < d ≤ 1 gives:
There are then two ways to increase the pressure ratio: by decreasing the mass flow for constant speed,m D >m (moving along the speed lines in Fig. 3 ), or by increasing the speed for constant mass flow,ω D >ω (moving upwards in Fig. 3 ) which was chosen for this work.
B. Modifying factor
The authors of [20] suggest that the deviations of the speed of the compressor are one of the main factors contributing to the degradation. Therefore a modifying factor is introduced in Eq. (3):
where τ t,i denotes the overall torque applied to the i-th compressor. Focusing on the torque as the main factor influencing the degradation allows a more direct analysis of the influence of control on degradation as it bypasses the dynamic effect introduced by the inertia of the compressor (Eq. (2c)).
To preserve the properties of d i (t), i.e., d i (t) < 1 and d i (t) bounded, an exponential modifier was introduced:
The formula (10) is similar to (4), i.e., the baseline degradation model is an exponential, lower-bounded function. Both d T,i and d τ,i are strictly decreasing functions with respect to their arguments, i.e., time t and torque τ t,i . However, as the applied torque τ t,i is a combination of the load-sharing algorithm and the discharge pressure PID control, it varies with time, decreasing or increasing depending on the error in the discharge pressure. Therefore, d τ,i is non-monotonic with respect to time if τ t,i (t) is a non-monotonic function of time. Hence it becomes an accelerating factor: if τ t,i increases, the overall degradation indicator d i will decrease faster, because d τ,i will be smaller; if τ t,i decreases, then d τ,i will increase, because it is a decreasing function of τ t,i , and in consequence, d i will decrease more slowly.
IV. LOAD-SHARING TAKING DEGRADATION INTO ACCOUNT
The objective of this work is to propose a load-sharing method which takes the current degradation level into account and attempts to mitigate further degradation. Assuming that the compressors are similar, i.e., of the same type and configuration, and have the same characteristics, the main approach to load-sharing is based on keeping a selected parameter equal for both compressors, usually the distance to surge [4] . Based on the ratio K2 K1 where K i denotes the surge set-point parameters for i-th compressor, the load is proportionally scaled according to formula: (11)
where m i is the load assigned to i-th compressor, e.g.
where m is the inlet flow from the upstream side. The formula (11) allows a certain flexibility in the load distribution, however, since it is based on set-points rather than on measurements, it does not take into account the possible changes in the system due to degradation.
This work proposes to assign the loads according to (12) :
where d i denotes the current degradation level of i-th compressor and q > 0 is a scaling factor. The function f (·) 
The scaling factor q indicates how much less load the more degraded compressor will receive depending on the current degradation ratio d = d1 d2 . The choice of q and its influence on the system is now analysed as the load-sharing algorithm provides the set-points for internal flow controllers, and therefore, contributes to the torque calculations. There are two things to consider while choosing the parameters of the algorithm: minimal admissible load and influence of the load-sharing on degradation. The rest of this section presents the analysis of those issues.
A. Minimal admissible load
The minimal admissible load describes the minimum values of mass flow that guarantee that the compressor stays on the right side of the surge line in Fig. 3 . The minimum value for ith compressor is assumed m min i
. This means that (from Eq. (12)):
for all values of d with the inlet mass flow m. Hence:
The right side of the inequality (15) shows that the loadsharing algorithm cannot assign less than a certain fraction of equally distributed load to the degraded compressor. It means that the degraded compressor cannot get less than:
of the overall mass flow m taking equal load assumption as default.
On the other hand, the function exp(q (1 − d) 
B. Influence of load-sharing on degradation
As described in Section III-A, the degradation influences the closed-loop system by forcing it to increase the speed and, in consequence, the torque applied to the compressor, to compensate for loss of performance. This results in increased modifying factor d τ,i (τ t,i (t)), which accelerates the degradation d i (t, τ t,i (t)). It would require introducing some additional limits on the slave flow controller to mitigate this influence, however, this implies a reconfiguration of the single compressor control structure. Nonetheless, the loadsharing formula also contributes to the torque calculation and its output depends on the scaling factor q. Using again the fact that the function exp(q(1 − d)) is a strictly decreasing function of d and calculating its derivative shows that q indicates the rate with which the load will be assigned to the degraded compressor, i.e., larger q means faster achievement of a lower load on the degraded compressor, or equivalently, a higher load on the healthier one. In consequence, the healthier compressor will degrade faster for a larger q. On the other hand, q should be sufficiently large to amplify the influence of degradation ratio.
V. SIMULATION
This section describes the compressors used for the simulation and presents the results of the load-sharing algorithm. The proposed algorithm is validated on a Simulink model based on the experimental data from [21] , [22] and [23] . The system from Fig. 1 was implemented using Eq. (1)-(2c). The data come from the experimental system reported in Cortinovis et al. [22] , who analysed a control system for a single compressor. It is assumed that the geometrical parameters of the compressor, as well as the volumes of the intermediate discharge tanks and the inertia of the shaft are the same in both compressors. The set-points for pressures were chosen as: p d = 1.1 bar, p s = 0.9865 bar. The external pressure is assumed to be p out = 1.01 bar.
The compressor map used for this study was calculated using third order polynomial approximation [24] and can be found in Fig. 4a (based on [22] , [21] , and [23] ). It is assumed that, when undegraded, both compressors have identical characteristics, i.e. Ψ 1 = Ψ 2 .
The other static models include the characteristics of the valves, which relate the valve opening and the pressure drop across the valve to the mass flow, and the torque characteristics for the compressor, which describe the reaction torque τ c,i as a function of the mass flow and the compressor speed. They were approximated using third and second order Fig. 4 : Characteristics of the system based on [21] , [22] , [23] polynomials, respectively, with parameters based on [23] , [22] , and [21] and are depicted in Fig. 4 .
A. Degradation case study
The degradation was introduced to the case study in form of Eq. (3) The values were chosen arbitrarily to ensure that d i (t) → 97% as t → ∞ and that the degradation rate is slower for the second compressor. It is assumed that there is no torque related degradation at the beginning of the simulation, i.e. the modifying factor d τ,i (τ t,i (0)) = 1. As the system (2) is stationary, i.e. all the parameters, bar the compressor map Ψ(m, ω), do not depend on time, and there are no external disturbances, the torque is influenced only by the set-point changes from the load-sharing algorithm. While a real compressor would typically degrade over 2000 hours of operation [18] , the simulations in this paper used a much shorter timescale in order facilitate the exploration of the concepts. Therefore, the degradation function was accelerated to stabilise at 200 s. The parameters of (9) can be found using the approach proposed in [17] which is based on fitting the exponential curve to measurements.
Solving the inequality (15) On the other hand, Fig. 5 shows the modifying factors for both compressors with respect to q -the values close to 13 have a significant influence on the degradation, whereas the values close to one keep the degradation at a similar level. The value q = 10 provides a trade-off between accelerating (q(1 − d) ) the degradation and amplifying the degradation ratio for load-sharing.
B. Results
Three scenarios are evaluated in this section. The first one shows the behaviour of the whole system if there is no degradation, i.e. d 1 = d 2 = 1. Therefore, the formulas (12) and (13) are the same. The first one assumes that one compressor is degrading, whereas the other one remains in perfect health, i.e.,
. This situation appears in practice if an already operating compressor with degradation indicator d 1 is combined with a new (or a refurbished) one with the indicator d 2 . The last case focuses on two degrading machines with different degradation rates, which reflects a typical situation in a multi-compressor system. The case where they both have the same degradation rates yields d2 d1 = 1 regardless of the degradation and the formula (12) becomes equal load sharing (13) , and was therefore omitted.
1) Scenario with no degradation: The first simulation was conducted to confirm that the system worked as expected, i.e. the pressure controllers for suction and discharge tanks as well as the flow controllers for each compressor were properly tuned and ensured steady-state operation. After a short transient, the pressure goes into steady-state. The mass flows through the compressors were equal to their set-points.
2) Scenario with one degraded compressor: The second simulation was based on the assumption that only one compressor degrades, whereas the other one is in perfect condition d 2 (t) = 1. Assuming that the loads are equal, both compressors are following the same set-points for their mass flows. According to Eq. (12), the healthy compressor should get proportionally more load than the degraded one. To keep the discharge pressure set-point and the mass flow set-point derived from equal load calculation, the actual load for the degraded compressor increases (blue line in Fig.  8a) . Therefore, according to the degradation formula (9) , the health of the compressor decreases (blue line in Fig. 8b) .
However, the load-sharing based on degradation is able to slow down the health decrease induced by the load (Eq. (10)). The set-point for degraded compressor decreases (thick yellow line in the middle of Fig. 6 ), whereas the healthy one gets more load (thick yellow line in the bottom of Fig.  6 ). Therefore, the actual load for the degraded compressor decreases as well (yellow line in Fig. 8a , purple line denotes the load for the healthy compressor). This approach makes the degradation indicator slow down (yellow line in Fig. 8b ). Further analysis of the degradation indicator is depicted in Fig. 7 , where the top plots show the degradation induced by load and the bottom plots present time dependent degradation. The bottom plots are the same in case of equal load-sharing and load-sharing based on degradation. The first compressor degrades until the saturation at 0.97 is reached, whereas the second compressor remains in perfect health. It is also assumed that there is no load-induced degradation in the second compressor (top right plot in Fig. 7) . However, the left plot in Fig. 7 shows that the load-induced degradation in the first compressor was smaller if the degradationbased load-sharing (red) was used. This confirms that the proposed algorithm is able to mitigate the degradation, while preserving the values of the discharge pressure.
3) Scenario with two degrading compressors: The loadsharing proposed by Eq. (12) was able to slow down the degradation by decreasing the requirements for the degraded compressor while increasing the set-points for the healthy one. However, the assumption that only one compressor decreases was a simplification. This section analyzes the behaviour of the load-sharing algorithm when both compressors are degrading, however at different rates: the first compressor degrades in the same way as described in Section V-B.2, whereas the degradation rate d 2 of the second one is slower. Since the first compressor is more degraded, d 1 < d 2 , it gets initially less load, while the other one gets more (yellow lines in Fig. 9 , in the middle and bottom plot, respectively). However, increased load accelerates the degradation of the second compressor, which means that d2 d1 → 1 and back to equal load. Therefore the load for the first compressor increases, whereas the load for the second one decreases (yellow and purple lines in Fig. 11a ). This results in further degradation of the first compressor and a slowdown of the degradation of the other one (Fig. 11b) . However, as the indicators are bounded functions of the input, the degradation in both cases saturates at the given level. It can be observed, nonetheless, that the algorithm was able to slow down the degradation of the first compressor compared to equal load approach (yellow line against the blue line in Fig. 11b) .
Analysis of Fig. 10 suggests that the proposed algorithm is also valid if both compressors are degrading at different rates. It was assumed that the second compressor degrades slower than the first one, to preserve the element d2 d1 in Eq. (12) above unity. The time-related degradation, as independent of process variables, remains the same as in section V-B.2 (bottom plots in Fig. 10 ). The top plots in Fig. 10 show that the algorithm based on Eq. (12) 
VI. CONCLUSIONS
The algorithm proposed in this work is able to mitigate the degradation by reducing the torque applied to the compressor. The results suggest that the best outcome for degradation mitigation is obtained when the degradation rate of one compressor is much slower than the other one. In case if the degradation levels are similar, the ratio is close to unity and the algorithm becomes closer to equal load. It does not require a reconfiguration of lower level controllers, however, the influence of disturbances on the algorithm are to be considered in the future.
Further work includes also a generalization for multiple compressors and the analysis of the degradation indicators. Current degradation model requires knowledge about degradation history to find the values of the parameters. Nonetheless, the parameters might also reflect the operators' knowledge about the process and the influence of the applied control effort on health, i.e. larger d τ,i means faster overall degradation and will result in lower load on the machine. As both the control requirements and the degradation models are application-specific, the design of a general degradation mitigating control remains an open question.
